Most animals depend upon olfaction to find food, mates, and to avoid predators. An animal's olfactory circuit helps it sense its olfactory environment and generate critical behavioral responses. The general architecture of the olfactory circuit, which is conserved across species, is made up of a few different neuronal types including first-order receptor neurons, second-and third-order neurons, and local interneurons. Each neuronal type differs in their morphology, physiology, and neurochemistry. However, several recent studies have suggested that there is intrinsic diversity even among neurons of the same type and that this diversity is important for neural function. In this review, we first examine instances of intrinsic diversity observed among individual types of olfactory neurons. Next, we review potential genetic and experience-based plasticity mechanisms that underlie this diversity. Finally, we consider the implications of intrinsic neuronal diversity for circuit function. Overall, we hope to highlight the importance of intrinsic diversity as a previously underestimated property of circuit function.
Introduction
A central theme of neuroscience, observed since the early drawings of neurons by Santiago Ramon y Cajal, has been the marked intrinsic variety of cells. In any neural circuit, distinct types of neurons interact in intricate networks to drive functional outputs. Even among neurons of the same type, neurons can differ in their morphologies, synaptic connections, molecular expression, or physiological properties (Mainen and Sejnowski 1996; Root et al. 2008; Schulz et al. 2006; Vetter et al. 2001; Yagi 2013) . While individual neuronal properties have been extensively studied and some also appreciated in the context of neuronal diversity, the importance of intrinsic diversity within neurons of the same type to overall brain function has largely been ignored. However, recent studies are beginning to appreciate that this diversity has implications for brain function. Thus, knowledge of intrinsic neuronal diversity is essential to understand information processing within a neural circuit.
Most animals in the animal kingdom depend upon olfaction to find food and mates and to avoid predators. The peripheral olfactory circuit, the general architecture of which is conserved across species, is composed of a few different types of neurons based on their position in the circuit: (i) First-order olfactory receptor neurons (ORNs) expressing the same odor receptor gene project their axons onto the same glomeruli in the olfactory bulb (in mammals) (Mombaerts 2004) or antennal lobe (in insects) (Bhalerao et al. 2003; Gerber et al. 2004; Stocker 1994) (Fig. 1 ) (Lin and Katz 2006; Wang et al. 2003) .
(ii) Dendrites of second-order mitral and tufted (MT) cells (in mammals) or projection neurons (PNs) (in insects) collect information from the glomeruli and carry it to higher olfactory targets in the brain, including regions that promote associations between odors and rewards or punishments, innate responses to odors etc. (Choi et al. 2011; Parnas et al. 2013; Root et al. 2014; Seki et al. 2017; Sosulski et al. 2011; Stocker et al. 1990 ). (iii) The peripheral olfactory circuit also includes local interneurons that are essential for information processing (Chou et al. 2010; Christensen et al. 1993; Wachowiak and Shipley 2006) (Fig. 1) . In general, odors bind to odor receptors expressed in ORNs (Buck and Axel 1991; Clyne et al. 1999) . ORNs convert this chemical information into electrical information (Buck and Axel 1991; Couto et al. 2005; Dalton and Lomvardas 2015; Kreher et al. 2005 Kreher et al. , 2008 Manzini and Korsching 2011; Sato et al. 2008; Smart et al. 2008; Wicher et al. 2008; Yao and Carlson 2010) . Electrical information is encoded at various levels of an olfactory circuit to eventually affect a behavioral response (Chalasani et al. 2007; Gomez-Marin and Louis 2014; Gomez-Marin et al. 2011; Turner et al. 2011; Wilson et al. 2004) . Considerable instances of neuronal diversity are observed among each class of olfactory neurons.
Our knowledge of how odors are encoded in olfactory circuits relies on decades of work in different animal species in many laboratories around the world (Boeckh et al. 1987; Carlson 1996; Homberg et al. 1989; Laurent 1996; Menzel 2012; Schneider 1969; Vosshall 2000; Wilson and Mainen 2006) . Circuit connections have been mapped and are currently being studied in more detail (Su et al. 2009; Vosshall and Stocker 2007; Wang et al. 1998) . For instance, the complete neural connectivity within the Drosophila melanogaster larval antennal lobe, an olfactory neuropil similar to the vertebrate olfactory bulb, was recently mapped by A. Cardona and colleagues (Berck et al. 2016 ). The components of olfactory signal transduction in first-order ORNs have been described in insect and mammalian systems (Kato and Touhara 2009; Kaupp 2010; Nakagawa and Vosshall 2009; Silbering and Benton 2010) . The responses of first-order ORNs, secondorder MT cells or PNs, and local interneurons to olfactory inputs have also been described (Hallem and Carlson 2006; Kreher et al. 2008; Mathew et al. 2013; Olsen et al. 2010; Saito et al. 2009; Wang et al. 2003; Wilson and Mainen 2006) . Despite this rich history and considerable progress in the cellular, molecular, and physiological understanding of olfaction, contemporary computational models of odor coding do not accurately predict animal behavior and consequently do not provide satisfactory explanations for how olfactory information is organized and processed within a circuit. While there could be several reasons for this, one reason could be the underestimation of intrinsic neuronal diversity among circuit neurons in computational models. Some of this neuronal diversity is appreciated. For instance, extensive work has been done, in various organisms, to understand the diversity of ORN responses as defined by the expression of specific odor receptors. However, the neuronal diversity that result from factors other than the differential expression of odor receptors have largely been ignored. In this review, we list several other examples of neuronal diversity observed in olfactory circuits, the potential mechanisms that underlie this diversity, and the implications of diversity for neuronal function and information coding. This review will focus on neuronal diversity observed in olfactory circuits. We acknowledge that several instances of diversity have been reported in other sensory systems as well, and we will provide few examples throughout the review as appropriate. However, a more detailed analysis of diversity observed in other sensory systems is beyond the scope of this review.
Section 1: Functional diversity among olfactory neurons of the same type
Diversity observed among first-order olfactory neurons
The olfactory system is astonishingly diverse. In olfactory systems, neuronal diversity is generated primarily by the expression of different odor receptor types (Buck and Axel 1991; Sakano 2010) . The mouse olfactory system has 913 odor receptor genes that give rise to approximately a thousand neuronal types among 12 million olfactory neurons, whereas the fruit fly (D. melanogaster) olfactory system has approximately 80 odor receptor genes that give rise to 50 neuronal types among 1300 neurons in the adult (Clyne et al. 1999; Godfrey et al. 2004) . In mammals and insects, individual ORNs express only one or a small number of receptors. Thus, ORN activity reflects the activity of specific odor receptors. Ultimately, the perception and discrimination of odors is based on the pattern of odor receptor activity (Hallem and Carlson 2006; Kreher et al. 2008; Malnic et al. 1999; Saito ORNs PNs Glomeruli/LNs Fig. 1 Intrinsic diversity in the peripheral olfactory circuit. Schematic diagram depicting diversity among neurons of the peripheral olfactory circuit. First-order ORNs expressing the same odor receptors (shades of orange, brown) project their axons into the same glomeruli (dashed circle) within the olfactory bulb (mammals) or antennal lobe (insects). ORNs form excitatory synapses with second-order MT-cells (mammals) or PNs (insects) (shades of cyan). Second-order neurons project their axons to deeper regions in the brain. Interneurons (shades of red, violet) make intra-or inter-glomerular connections with first-and second-order neurons. Diversity is observed in the number, connectivity, and functional properties of neurons of the same type. Diversity in glomerular size is also depicted. ORN, olfactory receptor neuron; MT, mitral and tufted; PN, projection neuron Xia et al. 2008) . These studies also revealed that individual odor receptors are activated by specific subsets of odors. Some receptors are broadly tuned in that they respond to many odors while others are narrowly tuned, responding to one or few odors. The primary responses of ORNs to odors also vary in their temporal dynamics. Some ORN responses to odors may be of short-duration, lasting the duration of the stimulus, while others may be of long-durations, in some cases in the order of minutes after the end of stimulation (Hallem et al. 2004; Montague et al. 2011) . Here, we argue that neuronal functional diversity extends beyond the differential expression of odor receptors in ORNs.
Beyond the differential expression of odor receptors, ORNs may differ in the expression levels of neurotransmitter receptors. Such an example of diversity among olfactory neurons was provided by Root and colleagues. They showed that each D. melanogaster ORN has a unique baseline level of GABA B -receptor (GABA B R) expression. ORNs that sense the aversive odor CO 2 do not express GABA B Rs and do not have significant presynaptic inhibition. In contrast, pheromone-sensing ORNs express high levels of GABA B Rs and exhibit strong presynaptic inhibition (Root et al. 2008 ).
An important question in the study of olfactory systems relates to the equivalency with which its primary sensory neurons drive behavioral outputs. One hypothesis is that different sensory neurons expressing different receptors might drive equivalent behavioral responses, especially in a simple sensory system. The alternate hypothesis is that different neurons drive different behavioral responses, particularly if the connectivity and downstream processing are complex (Masse et al. 2009; Su et al. 2009; Wilson and Mainen 2006 ). Mathew and colleagues showed that each Drosophila larval ORN, upon activation, drove different behavioral outputs. To carry out this experiment, they first performed a large-scale electrophysiology screen to identify Bprivate odors^for each larval ORN. Each private odor elicited specific physiological response from a single ORN. They found that some private odors elicited strong physiological responses but weak behavioral responses while others elicited weak physiological responses but strong behavioral responses. One implication of these results is that each ORN contributes differentially to the olfactory circuit (Mathew et al. 2013) . The mechanisms that underlie this functional diversity among ORNs remain unclear. Hernandez-Nunez and colleagues showed that individual ORNs in the D. melanogaster larva, upon activation, could produce behavioral responses with distinct dynamics. The D. melanogaster larva chemosensory system, in addition to encoding attractant and repellent responses, is also capable of shaping the dynamics of behavioral responses in ecologically important ways. So, behavioral priorities may not only include relative degrees of attraction or repulsion but also the speed of the response or adaptation (Hernandez-Nunez et al. 2015) . Related to this, Munch and Galizia systematically analyzed temporal dynamics of ORN responses in adult D. melanogaster. Their studies showed that there is temporal diversity in the response of ORNs to various odor combinations. This ability of olfactory neurons to alter the temporal dynamics of their response greatly increases the coding capacity of the system (Munch and Galizia 2017) .
Diversity observed among second-order olfactory neurons
Second-order projection neurons (PNs) in the Drosophila antennal lobe show diversity in their connectivity with ORNs (Tobin et al. 2017 ). There is a systematic co-variation in synapse number and PN dendrite size. In glomerulus with fewer PNs, PN dendrites are larger but there was also a compensatory increase in synapse numbers (Grabe et al. 2016; Tanaka et al. 2004; Tobin et al. 2017) . PNs receive 35% more synapses from ipsilateral ORNs and the connections are 30-40% stronger compared to connections with contralateral ORNs. However, no sizeable difference in synaptic conductance was observed among the ipsilateral and contralateral connections. The authors argue that each connection is composed of random distributions of dendritic filtering properties that filter these conductance and so the average effect is similar across connections (Tobin et al. 2017) . While the diversity in PN dendritic connections may provide a structural basis for some phenomenon such as odor lateralization behavior, homeostatic mechanisms on the other hand, may counteract this structural diversity and together they likely impact network performance.
Each glomerulus in the mammalian olfactory bulb is a functional unit that collects input from ORNs that express the same type of olfactory receptor gene (Bozza et al. 2002; Mombaerts et al. 1996) . Each glomerulus provides exclusive excitatory inputs to a set of 10-20 second-order mitral cells. Mitral cells are equivalent to second-order projection neurons in the insect antennal lobe. Sister MT cells that receive input from the same genetically identified glomerulus exhibit diversity in their temporal patterns of responses (Arneodo et al. 2018; Dhawale et al. 2010; Kikuta et al. 2013) . Whether sister MT cells respond stereotypically or in a diverse manner to the stimulus depends on the stimulus. Stimuli with high ligand affinity to the primary sensory neurons elicit stereotypic responses from the sister MT cells. In contrast, ligands with lower affinity elicit diverse temporal responses from the sister MT cells (Arneodo et al. 2018) . Thus, information about ligand affinity is potentially encoded in the collective stereotypy or diversity of activity among sister MT cells.
MT cells of the mouse olfactory bulb exhibit intrinsic biophysical diversity Padmanabhan and Urban 2010) . Each cell's spiking response was based on its unique biophysical fingerprint because a neuron's response to incoming stimuli is shaped by the voltage-gated ion channels expressed in that cell (Taylor et al. 2009 ). One source of intrinsic diversity in MT cell population is believed to be the differential expression of the voltage-gated potassium channel Kv1.2 subunit (Padmanabhan and Urban 2010) . The suggestion is that this intrinsic heterogeneity in responses allows a diverse population of neurons to code for twofold more information than their homogenous counterparts.
Diversity observed among local interneurons
Local interneurons are critical for information processing in neural circuits. Olfactory local interneurons (LNs) in the D. melanogaster antennal lobe are highly diverse and variable (Chou et al. 2010; Huang et al. 2010; Nagel and Wilson 2016; Seki et al. 2010; Shang et al. 2007; Wilson and Laurent 2005) . W h o l e c e l l p a t c h -c l a m p r e c o r d i n g s f r o m a d u l t D. melanogaster LNs revealed several different types of LNs (Chou et al. 2010; Seki et al. 2010) . Each type of LN exhibited characteristic electrophysiological properties in terms of spontaneous firing, firing patterns, degree of spike adaptation, and spike amplitudes. LN types also differed in their morphology in terms of dendritic density and distribution within specific antennal lobe glomeruli, in their neurotransmitter types, and odor response properties (Chou et al. 2010; Seki et al. 2010) . A more recent study showed that only a subset of larval LNs are selectively reintegrated into the adult circuit via pruning and re-extension mechanisms, while others die during metamorphosis (Liou et al. 2018) . Thus, LNs exhibit high levels of plasticity and execute complicated genetic programs with precise temporal control, which could all result in their morphological and functional diversity. Such diversity should translate into variability in the functional connectivity of LNs, ORNs, and PNs. Notably, interneurons in the mammalian olfactory cortex are also remarkably varied (Kay and Brunjes 2014; Miles 2000) .
Prolonged exposure to CO 2 in fruit flies led to a reversible volume increase in the CO 2 -specific glomerulus. While neither morphology nor function of ORNs were affected in this case, one type of inhibitory local interneurons showed significantly increased responses to CO 2 (Sachse et al. 2007 ). Thus, when flies are exposed to elevated CO 2 levels early in life, the chronic exposure of CO 2 sensing neurons promotes functional changes in the LN2 subtype of inhibitory local interneurons, which leads to functional diversity among sub-populations of inhibitory local interneurons. This further impacts the functional output of the downstream projection neurons (Sachse et al. 2007) .
Clear examples of functional diversity are also observed among inhibitory local interneurons in other sensory systems (Kim et al. 2017; Markram et al. 2004 ). The mammalian visual cortex contains various types of GABAergic neurons exerting local inhibition. These neurons show several common features but also considerable diversity in their genetic, morphological, as well as physiological properties. Genetically, most of the cortical GABAergic interneurons express one or more of three different genetic markers: parvalbumin (PV), somatostatin (SST), and 5-HT receptor 3A (5-HT3R). GABAergic neurons expressing each genetic marker show distinct characteristic features and form synapses with specific targets. Morphologically, the interneurons can be classified as large, small, or nest basket cell. Each morphological type can still show varying electrical or molecular properties (Wonders and Anderson 2006) . Physiologically, these neurons show several types of response properties including stuttering, irregular spiking, and bursting (Stiefel et al. 2013 ). The neuronal response properties are believed to arise due to different combinations of ion channel expression as well as morphology. It was suggested that because of diversity in expression of genetic markers, synaptic connections, and response properties, different GABAergic interneurons may play different roles during visual processing. Indeed, selective activation of PV+ GABAergic interneurons resulted in improvement of orientation selectivity of V1 neurons. Selective activation of SST+ GABAergic interneurons did not improve orientation selectivity of V1 neurons (Atallah et al. 2012; Lee et al. 2012 ). On the other hand, SST+ neurons and not PV+ neurons were found to mediate surround suppression of V1 response to the center of the receptive field (Adesnik et al. 2012) . The principles by which this functional diversity of GABAergic interneurons in the visual cortex is organized to help modulate sensory processing remain to be understood.
Diversity observed deeper in the olfactory circuit
Approximately 2000 third-order olfactory neurons (Kenyon cells) in the D. melanogaster mushroom body converge on to a population of only 34 mushroom body output neurons (MBONs). The MBONs fall in to 21 anatomically distinct cell types (Aso et al. 2014; Tanaka et al. 2008 ). At the single cell level, uniquely identifiable MBONs show identical tuning across the two hemispheres of an animal but very different tuning across different animals (Hige et al. 2015) . The authors also showed that this individualization of MBONs is an active process that requires the learning-related gene, rutabaga. This plasticity-driven individualization of MBONs lies in contrast to the highly stereospecific responses observed in the lateral horn (LH). The LH, which is also part of the olfactory circuit, lies in parallel to the mushroom body and is implicated in the processing of innate responses to odors (Fisek and Wilson 2014; Heimbeck et al. 2001) . Functional individuality in MBONs seen at this level of the sensory circuit provides the ability to fine tune an odor representation or even override innate responses driven by the LH and thus allows each individual to have a unique olfactory experience.
Section 2: Mechanisms that contribute to functional diversity among neurons of the same type
Genetic mechanisms for neuronal diversity
In sensory systems, an obvious mechanism that contributes to functional differences among neurons of the same type is the expression of different receptor types. In the D. melanogaster olfactory system, selective expression of typically a single odor receptor gene from a repertoire of approximately 80 possible genes generates 50 different types of ORNs . Beyond this, other mechanisms that contribute to functional diversity among neurons of the same type include differential expression of cell adhesion molecules and ion channels. Differential expression of genes in individual cells can be generated by independent and stochastic mechanisms. For instance, the cell adhesion proteins, protocadherins (Pcdhs) are stochastically expressed in individual neurons. This random expression is generated by epigenetic regulation in the genome during development (Ribich et al. 2006) . Pcdhs have an important role in the precise building of neural circuits. While Pcdhs are only one example, the extensive molecular diversity of neuronal cell-surface proteins affects neuron's individual properties and connectivity. Differential expression of cell-surface molecules provides a genetic basis for neuronal individuality (Yagi 2013) .
Theoretical studies predict different combinations of conductance densities of voltage-dependent currents and synaptic strengths in networks carrying out the same function in different animals (Golowasch et al. 2002; Prinz et al. 2004) . One of the implications of these predictions is that the expression of ion channel genes may differ in identified neurons in different animals. Schulz and colleagues tested this hypothesis by measuring multiple ion channel expression levels in single, unambiguously identified neurons in the stomatogastric nervous system of C. borealis crabs, and comparing the values both within and between animals. They found that neurons with similar functional output varied two-to four-fold in terms of both mRNA abundance and current (Schulz et al. 2006) . In further support of this hypothesis, differential expression of voltage-gated potassium channel Kv1.2 subunit is believed to underlie the intrinsic diversity observed in MT cells in mice (Padmanabhan and Urban 2010) .
The functional and transcriptional complexity of neurons can also be linked to their underlying epigenomic diversity. While the molecular activity of a neuron at any given time is based on its gene expression patterns, information about the neuron's gene regulatory mechanisms, developmental origins, and potential future responses are based on its epigenomic information. Epigenomic signatures include accessible regions of chromatin, histone modifications, and DNA methylation (Bird 2002; Heintzman et al. 2007; Thurman et al. 2012) . A recent study showed that morphological and physiological diversity of neocortical neurons is related to widespread differences in their underlying epigenomes (Mo et al. 2015) . Mo and colleagues find relationships between distinctive hyper-methylation patterns and developmentally transient expression of critical transcription factors that shape neuronal subtype identity. They showed that epigenomic states of adult neurons capture long-lasting attributes of neuronal identity including patterns of gene expression and potential experience-dependent responses. Studies in Drosophila have revealed conserved developmental strategies along with epigenetic mechanisms that are used to generate sensory neuron diversity. During development, a network of transcription factors coordinate and pattern the developing olfactory tissue to modulate the eventual level of ORN diversity Li et al. 2013) . In nascent Drosophila ORNs, Hamlet, a protooncogene homolog directs locus-specific chromatin modifications, which generates context-dependent responses of Notch signaling (Endo et al. 2012) . Notch signaling is known to influence odor receptor gene choice and ORN axon targeting specificity (Endo et al. 2007 ). Odor receptor gene choice is also influenced by evolutionarily conserved gene regulatory elements that direct the expression of the adjacent odor receptor genes in subsets of ORN classes, by elements that restrict Or gene expression to a single ORN class, and by a combinatorial code of transcription factors that generate the receptorto-neuron map (Ray et al. 2007 (Ray et al. , 2008 .
While heterogeneity in electrical responsivity of neurons can be attributed to variability in the types and densities of ion channels, the neuronal firing patterns can also be influenced by dendritic geometry. Careful in vitro recordings from somatosensory neurons that each had similar channel distributions in their soma and axons but different dendritic architecture revealed differences in intrinsic firing patterns, adaptation speed (Mainen and Sejnowski 1996) , or action potential propagation (Vetter et al. 2001) . Thus, altering neuronal geometry can influence neuronal functional diversity and neuronal function (Mainen and Sejnowski 1996; Schaefer et al. 2003; Vetter et al. 2001) . A recent study in C. elegans showed that levels of expression of a transmembrane Ig domain protein, OIG-8 can instruct the extent of olfactory cilia membrane elaborations. OIG-8 protein localizes to ciliated endings of olfactory neurons and is expressed at different levels in individual neurons. Low expression levels of oig-8 correspond to less branching patterns of cilia while high expression levels correspond to more elaborate branching patterns (Howell and Hobert 2017) .
Experience-dependent plasticity mechanisms for neuronal diversity
Sensory processing often depends on an individual's experience. This is clearly evident in studies that showed that certain neurons' odor responses differ between individual animals but remain consistent across brain hemispheres of the same individual (Hige et al. 2015) . We note that past experience impacts gene expression in first-order sensory neurons as well as in second and third order neurons in the circuit (Santoro and Dulac 2012; Xu et al. 2016; Zhao and Reed 2001) .
Neuronal diversity can be established due to varying levels of adaptation of sensory neurons to different odors. Adaptation generally occurs after prolonged exposure to an odor, which results in a diminished response to the odor for a prolonged period of time. Adaptation involves a genetically complex mechanism that differs from the mechanisms underlying odor sensation (Zufall and Leinders-Zufall 2000) . Chronic exposure to odors has also been shown to activate the Notch signaling pathway in olfactory neurons. Thus, environmental stimuli differentially modulate the pattern of Notch activity in the ORNs. This differential modulation of Notch activity was shown to depend on odor receptor activity, ORN synaptic transmission, as well as activity of local interneurons in the antennal lobe (Lieber et al. 2011) . Notch signaling impacts both physiological and morphological plasticity of olfactory neurons. This activity dependent plasticity in ORNs regulated by Notch signaling could establish diversity among neurons (Kidd and Lieber 2016; Kidd et al. 2015) . Sensory stimuli fluctuate in a wide range of background conditions. So, the ability of a sensory system to modulate neuron sensitivity becomes critical to expand the dynamic range of sensory input. A recent study identified a conserved phosphorylation site in Orco that is important for modulating odor receptor sensitivity to background odors. Orco is a coreceptor expressed in every insect ORN. In each ORN, an odor receptor and Orco together form a ligand-gated ion channel (Sato et al. 2008; Smart et al. 2008; Wicher et al. 2008) . Prolonged odor-exposure leads to a steady-state dephosphorylation at this conserved site in Orco, which reduces odorsensitivity (Guo et al. 2017 ). This modulation of sensitivity enables the animal to carry out important food-seeking behaviors in the presence of background odors. Such a mechanism could also explain why mosquitoes pre-exposed to a repellent such as DEET (N,N-diethyl-meta-toluamide) show reduced subsequent repellency to DEET (Stanczyk et al. 2013) .
The numbers of specific odor receptor expressing ORNs and their synaptic connections remain plastic in the adult mammalian olfactory system. When mice were trained in a learning paradigm with an odor specific for M71 odor receptor, there was a significant increase in M71-specific ORNs within the nose of trained mice compared to untrained mice. This phenomenon was observed when the odor was paired in both aversive as well as appetitive conditioning paradigms (Jones et al. 2008 ). In the mouse olfactory bulb, prenatal and early postnatal exposure to odors increases the number, amplitude, and reliability of second-order MT cell responses (Liu and Urban 2017) . Similarly, in the D. melanogaster antennal lobe, prolonged exposure to CO 2 led to reversible functional changes in the LN2 subtype of inhibitory local interneurons (Sachse et al. 2007 ). Because second-order neurons and inhibitory local interneurons are important for olfactory bulb/ antennal lobe outputs and in mediating lateral inhibitory networks, experience-based changes in the number and response properties of specific groups of olfactory neurons will add to the diversity already observed among them and significantly impact odor representations.
Section 3: Implications of neuronal diversity for circuit function
Although we have laid out several examples of neuronal diversity throughout the olfactory system, its importance remains a source of debate. It is unclear whether intrinsic differences among neurons of the same type or even same molecular type impact a neuron's function to an extent that it affects the system's ability to encode information. Are biophysical differences among neurons simply a reflection of the probabilistic nature of gene expression among different cells or could this diversity have functional relevance in neuronal function and coding? Several studies suggest the latter.
Variability in the expression of several channel genes in individual neurons of the same cell type is an important mechanism that leads to neuronal diversity. As described in Section 2 above, the variability in ion channel expression among neurons of the same type could arise in part due to experiencedependent plasticity mechanisms, as well as genetic variability in wild populations. Individual neurons of the same type take advantage of this range of variability in the expression of channel genes and use a variety of tuning rules that enable them to perform adequately in the networks in which they are found (Schulz et al. 2006) . One implication of these results is that individual neurons can find different solutions within a multidimensional parameter space that are consistent with their characteristic intrinsic properties. Similar to variability in distributions of ion channels, variability in the distribution of neurotransmitter receptors can also play an important role in neuronal function. A clear example of this is seen in the case of GABA B R receptor expression levels at the terminals of D. melanogaster ORNs. GABA B R expression expands the dynamic range of ORN transmission. Each ORN has a unique level of GABA B R expression levels. ORNs that sense the aversive odor, CO 2 do not express GABA B Rs and do not have significant presynaptic inhibition. This allows flies to rapidly respond and escape from the aversive odor. In contrast, ORNs that sense pheromones express high levels of GABA B Rs and have significant presynaptic inhibition. This allows flies to be highly selective about pheromone-dependent mate localizations (Root et al. 2008) . Thus, different olfactory receptor channels employ different gain control as a mechanism to allow an animal's innate behavior to match its ecological needs. Could variable expression of GABA B Rs at the terminals of sensory neurons potentially allow for differential gain control based modulation of individual sensory neurons by the internal state of the animal? This is an important question that needs to be addressed in the future.
While ion channel and neurotransmitter receptor distributions are important factors, several studies concluded that neurons have high levels of variability in morphology and geometry, which are factors that can impact neuronal function (Mainen and Sejnowski 1996; Schaefer et al. 2003; Vetter et al. 2001) . Because there is a wide variety in dendritic geometry among neocortical neurons, the ability of different ion channel distributions as well as dendritic shape to impact electrical properties of the neuron support the idea that there is a continuous spectrum of firing patterns rather than discrete categories. Morphological diversity of neurons can also influence the integration of information within neurons. A study conducted on L5 pyramidal neurons revealed that variation in dendritic arborizations is a key factor that tunes coincidence detection in the cells. Simulation studies showed that addition of oblique branches of the main apical dendrite in close proximity to the soma increases the coupling between the apical and axosomatic action potential initiation zones while incorporating distal branches reduced this coupling (Schaefer et al. 2003) . Thus, structural plasticity can impact the rules for dendritic integration of multilayer synaptic input to neocortical cells.
Padmanabhan and Urban found that intrinsic diversity among neurons can be important for neural coding. Their study suggests that intrinsic biophysical diversity of neurons influences the correlated activity often observed among a population of neurons (Padmanabhan and Urban 2010) . Correlated activity of neurons has been identified as being crucial in a number of systems including the olfactory bulb . Intrinsic diversity among mitral cells could reduce the degree to which cell firing is correlated even when the incoming ORN excitatory inputs are very similar and thereby, increase the ability of the animal to discriminate among similar odors. The intrinsic diversity may also influence the extent to which mitral cells can be synchronized by inhibition. Overall, the study found that the coding capacity of populations of biophysically heterogeneous mitral cells was twofold higher than that of their homogenous counterparts (Padmanabhan and Urban 2010) .
In natural environments, animals encounter different temporal patterns of odor stimuli. D. melanogaster ORNs show diversity in their temporal response dynamics (HernandezNunez et al. 2015; Mathew et al. 2013; Montague et al. 2011; Munch and Galizia 2017; Nagel and Wilson 2011) . A systematic analysis of the temporal dynamics of ORNs revealed that the response dynamics of an ORN depend on the combination of sensory neuron and odor (Munch and Galizia 2017) . Several mechanisms can potentially contribute to this diversity in temporal responses. This could be because different odors have different physical properties of adsorption that could naturally occur at the cuticular surface of animals leading to odors that linger for longer, and others that do not or due to the influence of sensillar events that transport odor molecules from the surface to the ORN dendrites (Kaissling 2013; Larter et al. 2016) . Properties of the odor and odor receptor interactions such as binding affinity, receptor saturation, allostery etc. could impact response time courses (Kenakin 2017) . Elements of the G protein dependent signal transduction cascade could also be differentially expressed in individual neurons and could potentially contribute to different response dynamics (Raja et al. 2014; Yao and Carlson 2010) . It has been theorized that adding information about the temporal development of an odor response across ORNs significantly increases the coding capacity of the system and ability of the olfactory system to identify the stimulus.
Concluding remarks
In this review, we examined instances of neuronal diversity observed among different types of olfactory neurons, we listed potential mechanisms that could lead to such diversity, and finally we reviewed some of the functional implications that arise because of this diversity. While the list of neuronal diversity examples provided in this review is not exhaustive, we hoped to highlight its importance as a previously underestimated property of circuit function.
Overall, we note that functional diversity exists at various levels of the olfactory circuit. Both genetic mechanisms and experience-dependent plasticity mechanisms contribute to the physical and functional diversity observed among neurons of the same type. While the significance of this type of diversity remains a source of debate, several studies have suggested that neuronal diversity play important roles during brain function, especially in the integration and coding of environmental information in neural circuits. This knowledge challenges contemporary conventions of how olfactory neuron activity is mathematically incorporated in odor coding models and provides opportunities to fine-tune computational models that aim to reliably predict animal behavior. Thus, systematic identification and characterization of diversity among neuronal classes within a circuit are a prerequisite to understanding circuit function. Going forward, this would require innovations in the ability to collect precise data on individual neuronal contributions to the circuit as well as in approaches to incorporate their diversity into computational models. Future studies focused on molecular mechanisms underlying neuronal diversity and their role in ensuring circuit function could also have the potential to impact studies on host-seeking behavior in animals, particularly harmful insects that transmit diseases to humans.
It is only appropriate to start as well as end a review on neuronal diversity by mentioning Ramon y Cajal. The idea of mapping circuits can be traced back to Cajal. Detailed neuronal wiring diagrams are important -although in no way sufficientprerequisites to understand how brain functions underlie behavior and how brain malfunctions underlie disease (Lichtman and Sanes 2008) . Information about diversity among similar neuronal types poses a challenge in how we represent this diversity in wiring diagrams in a way that will impact our basic understanding of neural circuit layout and function.
